Pneumocystis carinii forma specialis carinii has a unique locus called the UCS, which controls surface antigen variation by acting as the expression site for a family of genes encoding isoforms of the major surface glycoprotein (MSG). Every MSG mRNA begins with 380 nucleotides copied from the UCS locus. This UCS leader sequence is necessary for initiation of translation and for protein processing. Given the UCS's importance in P. carinii f. sp. carinii, it was of interest to examine the UCS locus in the related P. carinii f. sp. ratti. The first 380 nucleotides of P. carinii f. sp. ratti MSG mRNAs were 59% identical to the P. carinii f. sp. carinii UCS. However, the DNA encoding the P. carinii f. sp. ratti UCS was not unique in the genome. Instead, only the first 97 nucleotides came from a unique locus and the remainder from у7 loci. These data suggest that the two organisms may use different mechanisms to generate surface variation.
that can mediate contact of P. carinii with host type I pneumocytes and other host factors [11] [12] [13] [14] [15] [16] [17] [18] . Molecular genetic analysis of MSG genes and mRNAs predicts that a single P. carinii f. sp. carinii organism can express any one of a large variety of different isoforms of MSG [19] [20] [21] . The genome carries р100 different MSG genes, but expression appears to be limited to only one isoform of MSG per organism. MSG expression is managed by an expression locus called UCS, which resides on only one chromosome and serves to transcribe the MSG gene linked to it [22] [23] [24] [25] [26] . The expression-site regulatory system allows an organism to change its surface by changing the MSG gene at the UCS. Although switching at the UCS locus has not been directly observed, it is implied by the observation that the unique UCS locus is attached to numerous different MSG genes in a typical population of P. carinii. Furthermore, different populations have different sets of MSG genes at the UCS locus [25] .
The UCS not only controls transcription of MSG genes but is also involved in production of MSG at the protein level. Transcription begins in the UCS; hence, mRNAs that encode different MSG isoforms all start with a copy of the UCS [24] [25] [26] . Translation begins in the UCS-derived sequence of the mRNA, which encodes the signal-sequence peptide that directs the UCS-MSG protein to the cell surface via the endoplasmic reticulum [27] . The UCS peptide is not present on the MSG protein that can be isolated from the surface of P. carinii organisms [27] . Removal of the UCS from the UCS-MSG is probably accomplished by a subtilisin-like protease, either in the endoplasmic reticulum or after the precursor reaches the cell surface. The involvement of such a protease is suggested by two observations. First, analysis of MSG mRNA sequences predicts that precursors to MSG proteins have a lysine-arginine (KR) at the junction between the amino acids encoded by the UCS and the amino acids encoded by the MSG gene. A KR sequence is known to be a target for subtilisin-like proteases, which cleave at a point where there are two consecutive basic amino acids. Also, the P. carinii f. sp. carinii genome contains a family of genes that encode subtilisin-like proteases [28] [29] [30] .
In the genome, the KR-encoding DNA sequence is located at the end of a 23-bp element that flanks every member of the MSG family at its 5 end. The 23-bp element is invariant, which suggests that it performs a function in addition to encoding the end of the UCS peptide. One possibility is that it may serve as a recognition site for a hypothetical site-specific recombinase that catalyzes the exchange of the MSG gene linked to the UCS for one of the silent donor MSG genes [24] . Although there is no evidence for a role for the 23-bp element in recombination, it has come to be known as the conserved recombination-junction element (CRJE).
Presumably, the CRJE is invariant within the MSG family of a special form, because variation in this sequence is deleterious to its function and its function is required for survival of the organism. Selective pressure against CRJE variation might be expected to also restrain divergence of CRJE families among different special forms of P. carinii, especially if these forms are not different species. Nevertheless, the CRJE families of different special forms that inhabit different host species have been found to be slightly different [31] [32] [33] [34] . Until recently, it could be argued that CRJE families differ among these special forms because these forms each inhabit a different host species and that these different environments each require a specific CRJE sequence. However, this argument has been refuted by our recent studies on the second special form that inhabits rats, P. carinii f. sp. ratti, the CRJE of which is only 78% identical to the CRJE of P. carinii f. sp. carinii [34] . Hence, although the copies of the CRJE have been kept identical within a special form, the CRJE families in different special forms have diverged. This situation presents a conundrum, because if the CRJE is invariant within a special form because variation is deleterious, then how can it vary between special forms and still perform its function? One possibility is that the special forms actually are different species, descended from a common ancestor but having each evolved its own version of an antigenswitching system.
In the course of analyzing the CRJE of P. carinii f. sp. ratti, we discovered additional evidence that suggests that P. carinii f. sp. ratti has evolved an antigen-switching system that is different from that of P. carinii f. sp. carinii. Here we show that the UCS of P. carinii f. sp. ratti is profoundly different from that of P. carinii f. sp. carinii. P. carinii f. sp. ratti mRNAs encoding MSGs begin with a UCS-like sequence, but only the first 97 bp of this UCS are restricted to a single chromosome. Sequences encoding the remainder of the UCS are present on multiple chromosomes and are linked to MSG genes not linked directly to the 97-bp sequence. This structure is unlike the UCS in P. carinii f. sp. carinii, none of which is present on any but a single chromosome and none of which resides between MSG genes. These differences between P. carinii f. sp. carinii and P. carinii f. sp. ratti suggest that these two organisms may have evolved distinct expression sites, which is difficult to reconcile with the hypothesis that the special forms are members of the same species. The divergence in the structures of the MSG expression sites in these two rat-derived special forms also suggests that the expression sites in special forms found in other host species, such as human beings, cannot be assumed to be the same as those already characterized.
Materials and Methods
Organisms. Rats were immunosuppressed by treatment with methylprednisolone acetate, and P. carinii were prepared as described elsewhere [4] . Electrophoretic karyotype analysis was used to determine whether the organisms in a given preparation were P. carinii f. sp. carinii or a mixture of P. carinii f. sp. carinii and P. carinii f. sp. ratti [6] .
Polymerase chain reaction (PCR). Amplifications were carried out in a thermal cycler (Perkin-Elmer Cetus, Norwalk, CT; or PTC100; MJ Research, Watertown, MA)). Template DNA was added in 1-mL aliquots to a 25-mL reaction that contained 50 mM KCl, 1.5 mM MgCl 2 , 10 mM Tris-HCl (pH 8.3), 200 mM dNTPs, 1.25 U of Taq DNA polymerase (Promega, Madison, WI), and 20 pmol of each of two primers. Standard PCR conditions were as follows: 95ЊC for 5 min; 30 cycles of 95ЊC for 1 min, 55ЊC for 2 min (annealing step), and 72ЊC for 1 min (extension step); and 72ЊC for 10 min. The sequences of the primers used in the PCR reactions are shown in table 1.
For anchor PCR, an aliquot of a P. carinii cDNA library that contained both P. carinii f. sp. carinii and P. carinii f. sp. ratti RNA (gift of J. Edman, Dept. of Pathology, University of California, San Francisco) was subjected to amplification with primer ADH1 paired with either primer vC1 or vC2 under standard conditions, except for 25 cycles and a 30-s extension step. cDNA clones were generated from the same library with the vA1 and PT630a primers with use of standard conditions, except for an annealing step of 50ЊC.
To generate genomic clones, an aliquot of P. carinii organisms from a population that contained both P. carinii f. sp. carinii and P. carinii f. sp. ratti was amplified with primer vA1 paired with either vC2 or vC3. To prepare the UCS exon probe, an I ϩ intron aliquot of the same population was subjected to amplification with the vA1 and vUS2 primers. Both reactions were done under standard conditions.
To prepare the P. carinii f. sp. carinii UCS probe, a l phage clone (l23) containing the UCS linked to an MSG gene [22] was subjected to amplification with the Ϫ1 and Ϫ493 primers. The P. carinii f. sp. ratti UCS exon II probes were generated by use of the vU1 plasmid as template and the vUS primer paired with either vC1 or vUSa. All three reactions were conducted under standard conditions, except for an annealing step of 48ЊC.
The MSG intergenic probe was generated from the PcR7 template by use of primers vIG-up and vIG-down under standard conditions, except for an annealing step of 44ЊC and a 30-s extension step. In the reverse transcription (RT)-PCR experiments, the vIG-up and vUS2 primers were incubated with the appropriate templates and subjected to amplification under identical conditions. Amplified fragments were separated by electrophoresis in 1.5% GTG agarose gels (Genetic Technology Grade; FMC Bioproducts, Rockland, ME) in TBE (45 mM Tris-HCl [pH 8.0], 45 mM 1 ϫ boric acid, and 1 mM EDTA). DNA was visualized with ethidium bromide, and bands were excised and purified (Geneclean II; Bio 101, Vista, CA). Alternatively, completed reaction mixtures were subjected to purification to eliminate small fragments with use of a PCR purification kit (QIAquick; Qiagen, Valencia, CA). For sequencing, amplicons were cloned into a TA vector (Invitrogen, Carlsbad, CA).
Nucleic acid preparation and analysis.
To obtain RNA, ∼ organisms were collected by centrifugation at 3000 g. The 8 1 ϫ 10 organism pellet was lysed by addition of solution (TRIzol; Life Technologies, Gaithersburg, MD) according to the manufacturer's instructions. Northern blots were generated as described elsewhere [35, 36] .
cDNA used in RT-PCR experiments was prepared by use of total RNA from a mixed P. carinii f. sp. carinii and P. carinii f. sp. ratti population as follows: ∼5 mg of total RNA was incubated with either 20 U of RNase-free DNase (10 U/mL; Boehringer Mannheim, Indianapolis) and 2 mL of a 30-mg/mL solution of RNase A (Boehringer Mannheim) or RNase-free DNase alone in DNase buffer (20 mM Tris [pH 8.0], 10 mM MgCl 2 ) for 2 h 1 ϫ at 37ЊC, extracted with phenol and chloroform, ethanol-precipitated overnight at 80ЊC, and resuspended in 50 mL of RNase-free water. Next, 10 mL of the resuspended RNA solution was subjected to random-primed reverse transcription (SuperScript II RNase H reverse transcriptase; Life Technologies) according to the manufacturer's instructions. After an inactivation step of 15 min at 70ЊC, 1 mL of the resultant solution was used as template in PCR reactions.
Plasmid minipreps were done by standard alkaline lysis [36] or by use of a kit (QIAprep spin miniprep kit; Qiagen) according to the manufacturer's instructions.
Nucleic acid hybridization.
32
P radioactive probes were prepared by random priming of gel-purified PCR amplicons or plasmid inserts (Primeit II kit; Stratagene, La Jolla, CA). Northern blots were hybridized in 50% formamide, saline-sodium phos-6 ϫ phate-EDTA, 0.5% SDS, Denhardt's solution, and 100 mg/mL 5 ϫ salmon sperm DNA [36] at 42ЊC overnight. Each filter was washed twice for 10 min under the following conditions: vU1 probe, saline sodium citrate (SSC), 0.1% SDS at 65ЊC; vUS/vC1 0.1 ϫ probe, SSC, 0.1% SDS at 50ЊC; UCS exon probe, 0.5 ϫ I ϩ intron SSC, 0.1% SDS at 42ЊC; MSG intergenic probe, SSC, 0.1% 1 ϫ 1 ϫ SDS at 50ЊC; P. carinii f. sp. carinii UCS probe, SSC, 0.1% 2 ϫ SDS at 65ЊC.
For evaluation of probe sensitivity, radiographic films of Northern blots hybridized to either the exon I or exon II probes were scanned digitally, and band intensity for the 3.6-and 7.5-kb bands was determined by use of ImageQuant software (Molecular Dynamics, Sunnyvale, CA).
Southern blots of chromosomes separated by contour-clamped homogeneous field electrophoresis (CHEF) were incubated in Church's phosphate buffer (0.5 M sodium phosphate [pH 7.0], 7% SDS, 1 mM EDTA, 1% bovine serum albumin) at 50ЊC overnight. Each filter was washed twice for 10 min under the following conditions: P. carinii f. sp. ratti exon II probes, , 0.1% SDS 1 ϫ SSC at 50ЊC (P. carinii f. sp. ratti only) and , 0.1% SDS at 0.5 ϫ SSC 70ЊC (mixed P. carinii f. sp. carinii and P. carinii f. sp. ratti and P. carinii f. sp. carinii alone); UCS exon I probe, , 0.1% SDS 1 ϫ SSC at 50ЊC (P. carinii f. sp. ratti only) and , 0.1% SDS at 0.2 ϫ SSC 65ЊC (mixed P. carinii f. sp. carinii and P. carinii f. sp. ratti and P. carinii f. sp. carinii alone); and P. carinii f. sp. carinii UCS probe, , 0.1% SDS at 65ЊC. Filters were stripped of probe in 0.5 ϫ SSC 0.5% SDS at 100ЊC.
Sequence analysis. DNA sequencing was done by cycle sequencing with use of the dsDNA cycle sequencing system (Life Technologies) or by the fluorescent termination method (PE Biosystems, Foster City, CA) at the University of Cincinnati College of Medicine DNA Core Facility. For most plasmid clones, sequence was obtained from one or the other strand, although some regions of overlap in which both strands were sequenced were obtained. The sequence of the PcR7 lgt11 clone was obtained as described elsewhere [34] and deposited in the GenBank database (accession no. AF149015). The sequence of the cloned P. carinii f. sp. carinii UCS attached to the MSG105 gene was obtained from the GenBank database (D82031). Global nucleotide and amino acid alignments were constructed by means of Align Plus (Scientific & Educational Software, Durham, NC) default settings. The sequences obtained in the present study have been deposited in GenBank under the following accession numbers: cDNA clones vU1 (AF164562), V1 (AF164563), V2 (AF164564), V3 (AF164565), V5 (AF164566); genomic clones 2n3 (AF164567), 2n4 (AF164568), 2n5 (AF164569), 2n6 (AF164570), 2n8 (AF164571), 3n3 (AF164572), 3n4 (AF164573), and 3n5 (AF164574).
Results
Identification of a putative expression site for P. carinii f. sp. ratti MSG genes. In P. carinii f. sp. carinii, transcription of the MSG gene family is controlled by an expression site that resides at the UCS locus. Transcription begins in the UCS and proceeds through the downstream MSG gene such that all MSG-encoding mRNAs possess the UCS at their 5 ends [24] [25] [26] . Assuming that P. carinii f. sp. ratti closely resembles its relative in this regard, the UCS of P. carinii f. sp. ratti should be at the 5 ends of its MSG mRNAs, which can be obtained Figure 1 . Maps of Pneumocystis carinii forma specialis ratti clones that contain some or all of the unique locus UCS and locations of polymerase chain reaction (PCR) primers. A, cDNA clone vU1 was produced by anchor PCR. Total cDNA in l-ZAP II vector was subjected to amplification with primer ADH1, which pairs with a sequence in ZAP II vector, paired with primer vC2 (see table 1 ). B, Genomic clone PcR7 was described in a study elsewhere [34] . It contains the 3 end of 1 major surface glycoprotein (MSG) gene, pcr7a, followed by an intergenic region (thin line), followed by 14 bp of DNA that matched last 14 bp of intron that divides UCS exons I and II, followed by exon II of UCS, followed by a conserved recombination-junction element (CRJE), which is attached to second MSG gene, pcr7b.
by anchor PCR of a cDNA library. A cDNA library made from a mixture of both P. carinii f. sp. ratti and P. carinii f. sp. carinii was available and used for anchor PCR. The mixed library was used because rats infected with P. carinii f. sp. ratti alone are relatively rare and were not available. Total library DNA was subjected to the PCR with primer vC2, an oligonucleotide complementary to nt 46-67 of a cloned P. carinii f. sp. ratti MSG gene called pcr7b, and primer ADH1, an oligonucleotide complementary to the antisense strand in the l-ZAP II vector (Stratagene) used to make the cDNA library (see figure 1B for a map of the clone containing the pcr7b gene; see table 1 for primer sequences). The amplified DNA, which migrated at ∼450 bp on an agarose gel (not shown), was excised from the gel and ligated into a plasmid. A clone, vU1 (figure 1A), was obtained and sequenced in its entirety.
Clone vU1 contained an insert of 452 bp that began with the expected ADH1 primer sequence, followed by a short fragment of the plasmid vector. The next 395 bp of sequence were 59% identical to the spliced form of the UCS of P. carinii f. sp. carinii (figure 2A). The last 23 bases of this 395 bp matched the CRJE of P. carinii f. sp. carinii at 18 positions (boxed in figure 2A ). The peptide encoded in the vU1 sequence is 39% identical to the peptide sequence encoded by the UCS in P. carinii f. sp. carinii (figure 2B). The two peptides both begin with a cluster of 20 hydrophobic amino acids and end with a KR. The hydrophobic amino acids probably serve as a signal to direct a nascent UCS-MSG peptide to the endoplasmic reticulum, and the KR is thought to be the target for a protease that cuts the UCS peptide off of the UCS-MSG precursor protein [27] [28] [29] [30] . The longest tract of consecutive amino acids identical to a tract in the P. carinii f. sp. carinii UCS peptide was the 8-amino acid sequence RPGVDYFR (boxed in figure 2B ).
Interestingly, this sequence is also present in the peptide encoded by the 5 ends of MSG mRNAs in P. carinii f. sp. muris, a special form found in laboratory mice [33] .
If the UCS-like element in the vU1 clone is functionally homologous to the UCS of P. carinii f. sp. carinii, then this element should be found joined to different MSG sequences in mRNAs from a population of P. carinii f. sp. ratti. To test this idea, an aliquot from the cDNA library was subjected to PCR with primer vA1, an oligonucleotide complementary to the antisense sequence from nt 57-77 of the vU1 sequence, and primer PT630a, an oligonucleotide complementary to the sense sequence from nucleotides 360 bp downstream of the CRJE-like sequence in gene pcr7b (see figure 1 and table 1 ). The PCR produced DNA of ∼750 bp (not shown), which was inserted into a plasmid vector. Four cDNA clones (V1, V2, V3, and V5) containing inserts of 719, 726, 715, and 729 bp, respectively, were sequenced in their entirety. These sequences are not shown here but have been deposited in GenBank (see the Materials and Methods section). Each clone ended with a different MSGencoding sequence. Much of the sequence polymorphism in the MSG-encoding region was due to the presence or absence of blocks of nucleotides. Moving upstream, each of the 4 MSG sequences was preceded by a copy of the CRJE seen in the vU1 clone. Preceding the CRJE was a sequence either identical to the UCS seen in clone vU1 or nearly so. In the UCS region, the 4 cDNAs varied at 4 nucleotide positions. Each of the nucleotide changes produced an amino acid change. The sequence variations observed among the 4 cDNA clones are included in those listed in table 2. Because all of these sequences were obtained from cloned PCR products, it is possible that a few of the observed differences may have been caused by PCR error. However, control experiments indicated that PCR error would be expected to account for р1 difference among the 4 cDNAs, because PCR committed only 1 error/10,000 bp amplified and the 4 cDNAs, constituted only 2889 bp. In addition, the distribution of variable sites was not random, with 37% of the sites in the MSG-encoding region showing variation, compared with only 3.5% of the sites in the UCS (table 2) . The skewed distribution of variable nucleotide sites is not consistent with random error during PCR. Finally, the low degree of heterogeneity in the UCS is reminiscent of that found in UCS sequences isolated from P. carinii f. sp. carinii populations by means other than PCR [22] . These cDNA sequences demonstrated that P. carinii f. sp. ratti MSG mRNAs encoding different MSG proteins begin with the UCS, as is the case in P. carinii f. sp. carinii. In P. carinii f. sp. carinii, each MSG mRNA begins with the UCS because an MSG gene must be attached to the UCS locus to be transcribed. Although only 1 MSG gene is transcribed per organism, multiple MSG genes are expressed in a population because different organisms in the population have different MSGs at the UCS locus. To determine whether this was the case in a population of P. carinii f. sp. ratti, the structure of the UCS locus was examined by amplification via PCR, followed by cloning and sequencing of PCR products. Genomic DNA from a population containing both P. carinii f. sp. carinii and P. carinii f. sp. ratti was subjected to PCR with the vA1 primer paired with either of two primers (vC2 or vC3) complementary to sense sequences in the pcr7b MSG gene (see figure 1 and table 1) . Each reaction produced DNA that migrated in an agarose gel as a broad band of ∼700 bp (not shown). The bands were excised and inserted into a plasmid vector. Five clones from the vA1/vC2 reaction and 3 clones from the vA1/vC3 reaction were sequenced in their entirety. These sequences are not shown here but have been deposited in GenBank (see the Materials and Methods section).
Six of the 8 genomic sequences began with 97 bp identical to the sequence at the 5 end of vU1. One sequence, 2n6, contained 2 nucleotide changes, both of which would gave rise to amino acid substitutions. Another sequence, 3n3, possessed a single nucleotide change, which also gave rise to an amino acid substitution. All 8 genomic clones contained a CRJE identical to that in vU1. Downstream of the CRJE, the 8 clones contained 8 different nucleotide sequences encoding 6 different peptide sequences. As with the cDNA clones, much of the sequence polymorphism downstream of the CRJE was due to the presence or absence of blocks of nucleotides. The sites at which sequence differences were observed among genomic clones are listed in table 2. These data demonstrated that different MSG sequences are linked to the UCS in the genome of P. carinii f. sp. ratti.
Comparison of the genomic clones to the cDNAs suggested Note that all 3 samples produced a series of bands between 679 and 290 kb, which are chromosomes, and a compression-zone band, which migrated much more slowly than the 679-kb marker. This compression band contains artifactual aggregates of P. carinii chromosomes, together with host DNA [4] . the presence of an intron in the P. carinii f. sp. ratti UCS at the same position that is occupied by a 150-bp intron in the UCS of P. carinii f. sp. carinii [22] [23] [24] 26] . The presence of an intron in the P. carinii f. sp. ratti UCS was supported by the following observations. First, the genomic clones each contained ∼220 bp of DNA not present in the cDNA clones. Also, the open-reading frame (ORF) in each genomic clone was disrupted within the 220-bp segment. Finally, the 220-bp segment began with GT and ended with CAG, sequences that match canonical splice donor and splice acceptor consensus sequences in P. carinii [9, 10, 28] . These data indicated that UCS in the P. carinii f. sp. ratti genome contains two exons (exons I and II) divided by an intron located at the same position as the intron in the P. carinii f. sp. carinii UCS but 40% longer than the P. carinii f. sp. carinii intron. Among the 8 genomic UCS clones from P. carinii f. sp. ratti, there were 6 different intronic sequences that differed by a point mutation or insertion of 1 or 2 bp. The UCS intron is also polymorphic in sequence in P. carinii f. sp. carinii [22, 24, 25] .
Exon I and the intron of the UCS are on a single chromosome, but exon II is present on multiple chromosomes. In P. carinii f. sp. carinii, the UCS hybridizes to only 1 450-kb band on a filter that contains P. carinii chromosomes separated by CHEF [22, 24] . To examine the genomic localization of the UCS in P. carinii f. sp. ratti, Southern blots of P. carinii f. sp. ratti chromosomes resolved by CHEF were hybridized to a series of UCS probes. First, a 334-bp probe containing exon I and the intron was generated from genomic P. carinii f. sp. ratti DNA by amplification with the vA1 and vUS2 primers (see figure 1 and  table 1 ). When the exon probe was incubated with I ϩ intron a filter that contained chromosomes from P. carinii f. sp. ratti ( figure 3, lane 1) , only two bands hybridized, one at 415 kb and the other corresponding to the band in the compression zone above 679 kb, which contains unresolved aggregates of P. carinii chromosomes plus host DNA ( figure 3, lane 2) . The hybridization result shown in lane 2 was confirmed when the same probe was incubated with a second Southern blot containing chromosomes from a mixed population containing both P. carinii f. sp. carinii and P. carinii f. sp. ratti. The probe hybridized to the same 415-kb band ( figure 3, lane 5) . The exon probe did not hybridize to P. carinii f. sp. carinii I ϩ intron chromosomes either in the mixed population (lane 5) or on a filter containing P. carinii f. sp. carinii chromosomes alone (lane 9). These data showed that exon I and the intron of the P. carinii f. sp. ratti UCS are present on a single chromosomesized band (415 kb) in the electrophoretic karyotype. Therefore, UCS exon I and most of the intron appear to be present on a single chromosome in the P. carinii f. sp. ratti genome.
We next examined hybridization of P. carinii f. sp. ratti chromosomes to UCS exon II. A probe that contained a 282-bp fragment, including exon II and the CRJE sequence, was prepared by amplification from the vU1 clone by use of primers vUS and vC1 (see figure 1 and table 1) . The three filters described above were stripped of probe and hybridized to the vUS1/vC1 probe. Surprisingly, the probe hybridized strongly to at least 7 different P. carinii f. sp. ratti chromosomes (lane 3). The probe was specific for P. carinii f. sp. ratti chromosomes (lanes 3, 6, and 10) . Hybridization of the vUS1/vC1 probe to multiple chromosomes did not appear to be due to the presence of the CRJE because the CRJE would be expected to be present on every chromosome. To verify that the CRJE did not contribute to the result obtained with the vUS/vC1 probe, a 259-bp fragment that contained exon II but lacked the CRJE was tested. This probe hybridized to the same 7 P. carinii f. sp. ratti chromosomes as hybridized to the vUS/vC1 probe (not shown). Finally, to confirm the lack of cross-hybridization between special forms, the Southern filters were incubated with a P. carinii f. sp. carinii UCS probe prepared by amplification of a cloned copy of the UCS with primers Ϫ493 and Ϫ1 (see table 1 and [22] ). Lane 11 shows that only a single P. carinii f. sp. carinii band hybridized to the probe. Lane 7 shows that the P. carinii f. sp. carinii UCS probe was capable of cross-hybridizing weakly to 2 P. carinii f. sp. ratti chromosomes; however, this faint signal was eliminated by washing under high-stringency conditions (not shown). These data indicated that, unlike P. carinii f. sp. carinii, P. carinii f. sp. ratti possesses multiple copies of exon II of the UCS. upstream of MSG genes. Previous work had produced a l clone (PcR7) that carried a fragment of the P. carinii f. sp. ratti genome that started near the end of one MSG gene and ended near the end of a second MSG gene (figure 1B) [34] . Hence, clone PcR7 came from a locus that contained a tandem pair of MSG genes. The end of the first MSG gene in clone PcR7 (gene pcr7a) is followed by a 411-bp region that presumably serves as an intergenic spacer. The spacer region is followed by the second MSG gene, pcr7b, which begins with a CRJE. Surprisingly, the CRJE of gene pcr7b was preceded by a 275-bp sequence that was identical to exon II of the UCS. This 275-bp UCS exon II sequence was preceded by 14 bp that matched the last 14 bp of the UCS intron, including the CAG spliceacceptor site. However, the 122 bp upstream of this intronhomology region bore no resemblance either to the intron or to exon I of the P. carinii f. sp. ratti UCS. Upstream of these 122 bp was the 3 end of the pcr7a gene. These data showed that exon II is attached to at least one MSG gene that is not attached to exon I of the UCS. Coupled with the observation of hybridization of exon II to multiple chromosomes, the structure of clone PcR7 suggests that each of the multiple copies of exon II resides next to an MSG gene not linked to exon I of the UCS. However, UCS exon II is probably not linked to all of the MSG genes in the genome because it did not hybridize to all of the chromosomes, whereas an MSG probe did [34] . P. carinii f. sp. ratti MSG transcripts are complex. Previous Northern blotting studies had detected two RNA species, 3.6 and 7.5 kb, with homology to P. carinii f. sp. ratti MSG sequences. The 3.6-kb RNA was by far the most abundant of the two [34] . To determine whether either or both of these RNAs contained the UCS, Northern blot analysis was done on total RNA from a population of P. carinii that contained both P. carinii f. sp. carinii and P. carinii f. sp. ratti. Because the RNA used in these experiments was from a mixture of both special forms, it was first necessary to determine whether RNAs from the two special forms had been resolved in the gel. As shown in figure 4 , lane 5, a probe made from the P. carinii f. sp. carinii UCS hybridized to a 4-kb band, which is the size of the UCS-MSG transcript in this special form [20] . The P. carinii f. sp. carinii UCS probe did not produce a band at either 3.6 or 7.5 kb, where the MSG RNAs from P. carinii f. sp. ratti migrate [34] .
Copies of UCS exon II that are not linked to exon I are
To determine the size of RNAs carrying the UCS from P. carinii f. sp. ratti, a Northern blot was incubated with radiolabeled DNA from the vU1 clone, which contained both UCS exons I and II and the CRJE of P. carinii f. sp. ratti. The vU1 probe hybridized strongly to a band of ∼3.6 kb and faintly to a 7.5-kb band ( figure 4, lane 1) . This was the expected result because previous studies had shown that a P. carinii f. sp. ratti MSG probe hybridized strongly to a 3.6-kb band and faintly to a 7.5-kb band [34] . The exon II probe also hybridized strongly to the 3.6-kb RNA species and faintly to the 7.5-kb band ( figure 4, lane 2) . By contrast, the exon I probe hybridized only to the 3.6-kb mRNA ( figure 4, lane 3) . The 7.5-kb band was not visible, even after longer exposure of the radiographic film to the blot (data not shown). Control hybridization experiments that compared the relative sensitivities of the exon I and exon II probes showed that the failure of the exon I probe to detect the 7.5-kb RNA was not due to the exon I probe being less sensitive than the exon II probe (data not shown).
The results obtained for the 3.6-kb RNA were consistent with the cDNA data described above. Together, these data suggest that all MSG mRNAs in P. carinii f. sp. ratti start with a full copy of the UCS, as is the case in P. carinii f. sp. carinii. Unlike P. carinii f. sp. carinii, however, P. carinii f. sp. ratti RNA contained a 7.5-kb RNA with homology to MSG and UCS exon II. The size of the 7.5-kb transcript corresponded to what would be expected of a run-through transcript of a tandem pair of MSG genes. To explore this possibility, primers vIG-up and vIG-down were used to generate a 122-bp probe from the region beginning with the stop codon of the pcr7a gene and ending just upstream of the region identical to the last 14 bp of the UCS intron (see figure 1 and table 1 ). This intergenic probe hybridized only to a 7.5-kb band ( figure 4, lane 4) .
These data supported the hypothesis that run-through transcription produced the 7.5-kb transcript. To explore this hypothesis further, RT-PCR was used to isolate copies of the transcribed intergenic regions from total RNA from a population containing both P. carinii f. sp. carinii and P. carinii f. sp. ratti. The RNA was first treated with ribonuclease-free DNase to remove genomic DNA contamination. Then cDNA was synthesized from the DNA-free RNA by random-primed reverse transcription and subjected to amplification with primers vIG-up and vUS2 (complementary to the first 18 bp of the UCS exon II; see figure 1 ). Figure 5 shows that the expected 149-bp band was produced (lane 1). The band was excised and inserted into a plasmid, and two plasmid clones were sequenced. One was identical to the PcR7 sequence, and the other differed from the PcR7 sequence at one position.
To confirm that the amplified DNA came from RNA and not from genomic DNA, three control amplification reactions were done. No product was produced when reverse transcriptase was not used ( figure 5, lane 2) and when the RNA had been pretreated with both DNase and RNase and then reverse transcribed ( figure 5, lane 3) . However, when the RNA was not pretreated with DNase, reverse transcriptase was not required to produce a band of 149 bp ( figure 5, lane 4) , indicating that genomic DNA was present in the RNA preparation before DNase treatment. The results of the RT-PCR experiments proved that the sequence found in the region between the MSG genes in clone PcR7 was present in RNA from P. carinii f. sp. ratti. Taken together with the hybridization data shown in lane 4 of figure 4 and elsewhere [34] , these data support the idea that the 7.5-kb transcript was produced by transcription of tandem pairs of MSG genes, albeit in a manner that appears not to include UCS exon I. Whatever the source of the this large RNA, it is noteworthy because such transcripts have not been observed in P. carinii f. sp. carinii (cf. lanes 1 and 2 with lane 5 in figure 4 ).
Discussion
The P. carinii f. sp. ratti UCS sequence exhibited 59% nucleotide identity to the P. carinii f. sp. carinii UCS and contained two exons that together constituted an ORF continuous with the MSG ORF downstream. The P. carinii f. sp. ratti UCS ORF encoded a polypeptide that is 39% identical to that encoded by the P. carinii f. sp. carinii UCS and began with a signal sequence capable of directing the UCS-MSG peptide to the endoplasmic reticulum for processing. These common features strongly suggest that the UCS performs the same three functions in both of these special forms: to initiate transcription of a linked MSG gene, to initiate translation of the UCS-MSG transcript, and to direct the nascent MSG toward the organism surface [22] [23] [24] [25] [26] [27] .
Although it appears to be functionally analogous to the UCS of P. carinii f. sp. carinii, the UCS of P. carinii f. sp. ratti is remarkably different in structure. In P. carinii f. sp. carinii, there is only one copy of the entire UCS in the genome. In P. carinii f. sp. ratti, by contrast, only exon I and the intron of the UCS are located on a single chromosome. Copies of exon II are present on multiple chromosomes and are linked to MSG genes that are not attached to UCS exon I.
The marked difference in UCS structure in the two special forms suggests either that these two organisms have evolved different MSG expression systems or that the two special forms each possess two types of UCS, only one of which has been discovered in each. The latter possibility seems unlikely for the following reasons. First, in P. carinii f. sp. carinii, 21 mRNAs that ended in ORFs encoding different MSGs all began with the UCS, and each of these mRNAs had a copy of the CRJE between the UCS and the MSG ORF [24] . Further experiments of a similar kind also indicated that all MSG mRNAs have a CRJE and begin with the UCS [26] . Second, we have analyzed the 5 ends of mRNAs from both special forms by anchor PCR of cDNA with use of the CRJE as the downstream primer site and found only the known UCS on 5 different P. carinii f. sp. ratti MSG mRNAs and on 33 different P. carinii f. sp. carinii MSG mRNAs (unpublished data). Third, the CRJE was also present in all of the 130 UCS-linked MSG genes analyzed in our studies of the structure of the P. carinii f. sp. carinii UCS locus (unpublished data). Finally, in the study described here, all 14 of the P. carinii f. sp. ratti MSG genes that were linked to UCS exon I (6 cDNAs and 8 genomic clones) had the CRJE. These data strongly suggest that only one UCS is associated with MSG genes that have a CRJE. Thus, if every MSG gene has the CRJE, then there is only one UCS in a given special form.
The only way that a second UCS could have been missed in a special form would be if the second UCS was used solely to express MSG genes that lack the CRJE. Although genes that could be regarded as CRJE-less MSG genes have been described in P. carinii f. sp. carinii [35, 37, 38] , we have suggested that these CRJE-less genes be called MSR, for MSG-related, rather than MSG, because MSR mRNAs lack the UCS [35] . Instead of starting with the UCS, MSR mRNAs each begin with a sequence that appears to come from an individual MSR gene [35, 38] . Thus, all indications are that each MSR gene is transcribed from a promoter that is always associated with that gene alone, unlike the mechanism of MSG gene expression, which requires that a gene be attached to the UCS locus [25] . An additional reason not to include MSR genes in the MSG family is that the proteins encoded by MSR genes are more different from MSGs than MSGs are from each other [35] .
Whether or not a given special form has both UCS types, the distinct structures of the two UCS types suggest that they may differ in the way in which they are used to regulate expression of the genes that are affiliated with them. Consider the mechanism that switches the MSG gene at the expression site. Movement of exon II-linked MSG genes to the expression site could occur by a mechanism unavailable to genes that are not linked to exon II, because exon II provides a 312-bp region of sequence identity with the expression site, which also has a copy of exon II. Hence, the homologous recombination system could perform a crossover reaction between two exon II sequences that would exchange the MSG at the expression site for a formerly silent MSG gene (mechanism 3 in figure 6A ). By contrast, donor MSG genes that lack exon II share only 23 bp of sequence identity (the CRJE) with the expression site; this is too little to mediate homologous recombination if the homologous recombination system of P. carinii functions like those of other eukaryotes, which rarely use regions of sequence identity !300 bp to perform exchanges [39, 40] . Therefore, installation of an MSG gene that lacks exon II is probably restricted to two mechanisms: site-specific recombination involving the CRJE and homologous recombination involving sequences downstream of the CRJE, within the MSG ORFs (figure 6 ).
With regard to the possible role of the CRJE as a target for a site-specific recombinase, it should be noted that it is unlikely that the same recombinase operates on two CRJEs found in the two rat special forms. No variation is seen among the members of the CRJE family in a given organism, indicating that the hypothetical recombinase in a given special form recognizes only one 23-bp sequence. Yet the CRJEs of the two organisms are 22% divergent. Perhaps these organisms have been evolving independently for so long that they have different recombinases. It has been clear for some time that the genetic divergence between the two rat special forms is very significant. If it is true that UCS exon II is repeated in one organism and not in the other, this would be yet another example of this divergence.
A second way in which the repetition of UCS exon II may affect expression of MSG genes is by allowing alternative splicing of RNA to produce 11 UCS-containing mRNA from a single transcript. Transcription of two tandem MSG genes on a single RNA is possible. If such read-through events were to occur at a locus where the downstream MSG gene has a copy of exon II, then splicing could attach exon I to either copy of exon II. This kind of splicing is not possible when exon II is unique because downstream MSG genes do not have splice acceptor sites.
In view of the fact that read-through transcription could theoretically influence expression of MSG proteins in P. carinii f. sp. ratti, the presence of a 7.5-kb RNA in this special form and not in P. carinii f. sp. carinii seemed easy to explain at first. Indeed, this transcript hybridized to MSG and UCS exon II probes, as well as to a probe made from the region in between two MSG genes. In addition, RT-PCR showed that this intergenic sequence was present in total RNA. However, UCS exon I was not on the 7.5-kb transcript. The absence of exon I indicates that this RNA may not have been expressed from the locus that contains exon I of the UCS. Still, the 7.5-kb RNA could have been produced by transcription from the expression site but in way that leaves out exon I. This could happen if there was a promoter situated in the intron between exons I and II. Of course the absence of exon I from the 7.5-kb transcript leaves its role in the production of MSG mRNAs in doubt, because a splice donor may or may not be present near the beginning of the putative read-through transcript. Understanding the significance of the 7.5-kb RNA will require complete characterization of its structure. However, even without this information, the 7.5-kb RNA is noteworthy as yet another difference between the two special forms.
A UCS-like sequence has been described in P. carinii f. sp. muris (found in laboratory mice), but the copy number and genetic location of this sequence were not determined [33] . MSG genes from human-derived P. carinii have been described, and these carry a sequence related to the CRJE [31, 32] . However, no information is available about the UCS in these organisms. The differences in UCS structure exhibited by the rat special forms of P. carinii may be the first indication of the breadth of MSG expression systems that will be found as other special forms are analyzed.
